T here are over 3 million Americans chronically infected with hepatitis C virus (HCV). 4 These individuals are at increased risk of developing cirrhosis, liver failure, and hepatocellular carcinoma (1, 2) . HIV infection appears to alter the course of HCV-related disease, accelerating rates of progression to cirrhosis (3) (4) (5) . Additionally, HCV infection has emerged as a cause of increased morbidity and mortality in HIV-infected individuals (6, 7) . Despite a high prevalence of HCV-HIV coinfection, the interrelationships between these viruses are not completely understood.
The T cell response directed at HCV-derived Ags in the infected host is thought to be important in the pathogenesis of HCV-mediated disease, associated both with favorable clinical outcome as well as organ damage (8, 9) . Additionally, effector dysfunction of HCV-reactive T cells has been proposed to contribute to the frequent persistence of HCV infection (10, 11 ). It appears that in chronically infected individuals, this dysfunction may be specific for HCV (10, (12) (13) (14) . Moreover, we have previously found that CD4 cell responses to HCV are reduced in magnitude in individuals coinfected with HIV when compared with HCV singly infected individuals (13) . The mechanism for this additional impairment, though potentially due to reduced CD4 cell numbers in HIV infection, is not clear. In contrast to HCV singly infected and HCV-HIV coinfected subjects with progressive HIV disease, we have also previously found that HCV-HIV coinfected subjects with slowly progressive HIV disease have higher frequencies of HCV-specific CD8 cells than observed in HCV singly infected individuals (14) . HCV-HIV slow progressors also tended to have lower HCV plasma levels than did HCV-HIV-infected subjects with progressive HIV disease. One possible mechanism for T cell effector dysfunction in HCV infection is abnormal priming and stimulation of HCV-specific T cell populations by dysfunctional APC populations.
Dendritic cells (DC) are a distinct population of bone marrowderived leukocytes that are capable of directing the magnitude, polarity, and effector function of the T cell response (15) . This is possible because DCs possess pathogen recognition receptors, Ag capturing and processing machinery, and costimulatory molecules which allow them to act as professional APC. Immature DC are efficient at Ag uptake (16) . Once activated, they are capable of efficiently migrating to lymphoid tissue and priming T cell responses. Mature DC, in addition to expressing necessary costimulatory signals, also secrete IFN-␣ and IL-12, which facilitate the effective priming of human type 1 cytokine-producing T cells (15, (17) (18) (19) and resistance to viral infection (20) . DC precursors have been characterized by cell surface phenotype, and have been divided into two subsets (myeloid-derived DC (MDC) and plasmacytoid-derived DC (PDC) or immature MDCs and PDCs) (21) .
MDC are myeloid derived and in general are characterized by expression of CD11c, HLA DR, GM-CSFR, CD13, and CD33, and a lack of expression of IL-3R (CD123) or lineage marker expression. PDC are plasmacytoid derived and are characterized by the expression of CD123, and a lack of expression of CD11c or lineage marker. This latter cell type had initially been shown to be a dominant IFN-␣-producing cell type upon viral challenge (22) . However, other DC subtypes are also capable of dominant IFN-␣ secretion during viral infection (23) . Initially, MDC and PDC were thought to prime primarily type 1 and type 2 T cell responses, respectively (21) . However, subsequent data suggest that function (priming of type 1 vs type 2 responses) may vary with time between Ag exposure and presentation (24) , and that PDC are capable of priming type 1 responses in an IL-12 and IFN-␣-dependent fashion (18) . Thus, circulating peripheral MDC and PDC populations can mature to DC populations capable of IFN-␣ and IL-12 secretion, and efficient priming of type 1 responses that may be important for control of chronic viral infections such as HCV and HIV.
Reduced numbers of PDC populations have been observed in HIV-infected individuals (25) (26) (27) . These numbers are more markedly reduced in subjects with AIDS, and PDC number has been found to inversely correlate with HIV viral level and CD4 cell count, suggesting that these cells may be important in the control of HIV, or that they are reduced as a result of more advanced HIV disease (27) . Furthermore, HSV and influenza-induced PDC IFN-␣ secretion has been found to be reduced in HIV-infected subjects (25) (26) (27) . This IFN-␣-producing function has also been found to inversely correlate with plasma HIV levels, suggesting the possible importance of this function in the control of HIV (25, 27) . Additionally, MDC numbers have been found to be reduced in HIV-infected subjects (25, 26) . In one study, MDC number was reduced in HIV-infected subjects with higher plasma viral levels (Ͼ5000 copies/ml), and MDC number was inversely associated with plasma HIV levels, again suggesting the potential importance of MDC number in the control of HIV (26) . In addition to an IFN-␣-producing deficit, APC from HIV-infected subjects are reduced in IL-12-producing function (28, 29) . Therefore, it appears that MDC and PDC numbers and function are affected in HIV infection, and are either impaired by HIV replication or may be important in the control of HIV replication.
In HCV-infected subjects, cultured APC populations have been shown to have impaired function in allostimulatory mixed lymphocyte reactions (30 -32) . In one study, this reduced allostimulatory capacity was associated with reduced IFN-␥ secretion in mixed lymphocyte reaction supernatants and reduced LPS-induced IL-12-secreting capacity (32) . Consistent with this impairment in allostimulatory function are the findings that HCV-infected individuals have an impaired response to new antigenic stimulation with hepatitis A, hepatitis B, and influenza vaccinations (33) (34) (35) , while responses to recall Ags are unimpaired (10, 13, 14, 36) . Therefore, it appears that there is an APC-based impairment in development of T cell responses in HCV infection.
To investigate the mechanism underlying our previous finding that HIV infection impacts on HCV-specific T cell responses in individuals coinfected with both viruses, we explored the effect of HIV infection on APC dysfunction present in HCV infection. We conducted an analysis of circulating DC precursor frequency and function in HCV, HCV-HIV, and HIV-infected subjects. HIV-infected subjects with slow progressor phenotype were analyzed separately. Our data reveal a predominant deficit of non-PDC-associated IFN-␣-secreting function in HIV-infected subjects, whereas we observed a predominant deficit of PDC-associated IFN-␣-secreting function in HCV-infected subjects. Both functions are dramatically impaired in HCV-HIV-infected subjects. Furthermore, we observed defects in MDC-associated IL-12-producing function in both HIV and HCV-infected subjects. Moreover, HCV-HIV coinfected subjects were observed to have reduced HCV-specific IFN-␥-producing T cell responses in comparison to HCV singly infected subjects. Finally, there appears to be a relation between immature DC function and the presence of HCV-specific type 1 cytokine-producing T cell immunity. These data indicate that impairment of immature DC function differs between HCV and HIV infection, and offer one mechanism by which HIV infection may impact on the adaptive immune response to HCV.
Materials and Methods

Patient population
Chronic HCV-infected subjects (n ϭ 18) had detectable serum HCV Ab and RNA. HCV-HIV coinfected subjects (HCV-HIV progressors, n ϭ 13; HCV-HIV slow progressors, n ϭ 7) had, in addition, detectable HIV Abs. HIV singly infected subjects (HIV progressors, n ϭ 15; HIV slow progressors, n ϭ 4) had HIV Ab, but no detectable HCV Ab. Slow progressor subjects were HIV infected for at least 7 years, without clinical manifestations of HIV infection, without previous HIV therapy, and had CD4 cell counts Ͼ400/l. No subject had previously received therapy for HCV. Eleven healthy controls had no HCV or HIV Abs. All studies were performed with approval of the institutional review boards for human studies at the Cleveland Veterans Affairs Medical Center and University Hospitals of Cleveland (Cleveland, OH).
Recombinant Ags/peptides
Recombinant HCV core, NS3, NS4, and NS5 proteins were supplied by Chiron (Emeryville, CA). HCV core 15-mer peptides with 11-aa overlap (n ϭ 45) were synthesized by the multipin technique (Chiron Technologies, Raleigh NC), and pooled together as a set. A set of 73 MHC class I-restricted HCV peptides representing portions of the HCV genotype 1 protein sequence, based upon previously described CD8 determinants (8, (37) (38) (39) , were synthesized by the multipin technique (Chiron Technologies) and pooled together as a set. Where published sequences differed from those published by Choo et al. (40) , additional peptides were designed to match the latter sequence. Sixty one of these 73 peptides have been previously described as a set (41) . The remaining 12 peptides in the set of 73 were also based upon previously described CD8 determinants (10, (42) (43) (44) 
Frequencies of MDC and PDC
Four-color FACS analysis was performed on freshly Ficoll-prepared PBMC populations (1 ϫ 10 6 PBMC analyzed per sample). PBMC that lack lineage marker expression (CD3, CD14, CD16, CD19, CD20, and CD56) (Dendritic Cell Bundle kit; BD Biosciences, Mountain View, CA), express HLA DR, and express CD11c were identified as MDC; while PBMC that lack lineage marker expression, express HLA DR, and express CD123 were identified as PDC (15, 21, 22) . Frequencies of these populations were determined as the proportion of live PBMC that stained negative or positive for the appropriate markers (Fig. 1) . Four-color analysis was performed on a FACSCalibur (BD Biosciences) flow cytometer using CellQuest Software (BD Biosciences). Notably, there are likely multiple myeloid-derived APC subsets (45, 46) , and a small subset of CD16-expressing MDC that may not be as efficient as other MDC subsets in accessory function has previously been described (46, 47) . Based upon our lineage marker gating, we have excluded this latter subset expressing CD16 in our analysis of immature MDC.
In some experiments, MDC and PDC subset analysis was combined with intracellular cytokine staining for IL-12 or IFN-␣ using mouse antihuman IL-12 (p40/p70) mAb PE (clone: C11.5; BD PharMingen, Mountain View, CA) or mouse monoclonal anti-human ␣2-IFN PE (clone: 225.2C; Chromaprobe, Aptos, CA).
Poly(I:C) and CpG stimulations
Freshly prepared PBMC populations (600,000 cells/well) were stimulated in 96-well plates with medium alone, 50 g/ml poly(I:C) (Amersham Biosciences, Piscataway, NJ), 25 M CpG (ACCGATAACGTTGCCGG TGACGGCACCACG), or 25 M CpG control (ACCGATACCGGTGC CGGTGACGGCACCACG) (48) for 20 h at 37°C in the presence of penicillin, streptomycin, L-glutamine, and 5% human AB serum (Gemini Bio-Products, Woodland, CA). Culture supernatants were quantitated for IFN-␣ by standard ELISA which measured human IFN-␣A, ␣2, ␣A/D, ␣D, ␣K, and ␣4b (BioSource International, Camarillo, CA). Poly(I:C) and CpG concentration curves revealed that the above concentrations were within the upper linear range for stimulation of IFN-␣ production (not shown). Time curves performed revealed that a 20-h incubation was optimal for quantitating IFN-␣ production. IL-12 (p40/p70) was also quantitated from culture supernatants using standard ELISA (R&D Systems, Minneapolis MN). No detectable LPS contaminant was observed in poly(I:C) preparations using E-TOXATE assay (Sigma-Aldrich, St. Louis, MO). Depletions of CD11c or CD123-bearing cell populations were performed using RosetteSep depletion mixtures (StemCell Technologies, Vancouver, British Columbia, Canada) resulting in depletion of over 75% of MDC and 60% of PDC populations, respectively.
ELISPOT assays
PBMC were plated (3 ϫ 10 5 cells/well), in the presence (in duplicate) or absence (in triplicate) of pooled peptide (HCV core 15-mer pool at 2 M each peptide and 0.5% DMSO or pool of 73 previously defined CD8 determinants, at 3.4 M for each peptide and 0.5% DMSO) or protein Ag (10 g/ml). Ninety-six-well ELISPOT cell cultures were incubated for 20 h at 37°C, developed, and analyzed as previously described (41, 49 -51) . A response was defined here as a peptide-specific IFN-␥-producing frequency Ն20/million PBMC, and 3 SDs greater than the mean frequency in the absence of peptide.
Statistical analysis
Continuous data are displayed as medians. Differences among groups were compared using ANOVA when samples were normally distributed, or using Kruskal Wallis when samples were not normally distributed. When differences existed, Tukey's test was used to compare values between groups when normally distributed, and the Mann-Whitney U test was used when samples were not normally distributed. The nonparametric Spearman's test was used to explore correlations. 2 analysis was used to compare the proportion of subjects in each group with an HCV-specific T cell response. All analyses were done using SPSS version 11.0 (Chicago, IL).
Results
Study subject characteristics
Study subject characteristics are shown in Table I . The HCV plasma level was lower in HCV-HIV slow progressors as compared with HCV-HIV progressors (480,000 vs 1,680,000 IU/ml; p ϭ 0.04), extending upon our previously published finding where a nonsignificant trend existed (14) . Plasma HIV levels and CD4 cell counts did not significantly differ between HCV-HIV progressors, HCV-HIV slow progressors, HIV slow progressors, and HIVinfected progressor subjects, though there was a trend toward higher CD4 cell counts in HCV-HIV slow progressors and HIV slow progressors vs HIV and HCV-HIV-infected subjects (median 719 and 727 vs 503 and 532 cells/l, p Ͼ 0.05). Ten of 13 HCV-HIV progressors and 11 of 15 HIV-infected subjects were receiving antiretroviral therapy.
Frequencies of MDC tend to be reduced in HIV infection, while frequencies of PDC are minimally reduced in HCV infection
To assess MDC and PDC frequencies as a function of HCV vs HIV infection, we performed a cross-sectional analysis of PBMC populations freshly prepared from our groups of HCV-infected, HCV-HIV coinfected with progressive HIV disease, HCV-HIVinfected with slow progressor status, HIV slow progressors, HIVinfected progressors, and healthy control subjects. Because cell surface phenotype did not vary between HCV-HIV slow progressors and HIV slow progressors, these two groups are represented as the same group (HIV slow progressors). As shown in Fig. 2 , MDC frequencies tended to be reduced in HIV and HCV-HIVinfected subjects with progressive HIV disease as compared with HCV-infected subjects (median 0.11 Ϯ 0.08%, 25/75th percentile 0.03/0.15% and 0.08 Ϯ 0.05% 25/75th percentile 0.03/0.13% vs 0.2 Ϯ 0.18%, 25/75th percentile 0.11/0.29%, p ϭ 0.05 and p ϭ 0.01; Fig. 2A ). In contrast, PDC frequency was minimally reduced in HCV and HCV-HIV-infected progressors as compared with 
Frequencies of MDC and PDC correlate with each other and with CD4 cell count in HCV, HIV, and HCV-HIV-infected subjects
Because CD4 cell count often reflects the stage of HIV-related disease, and to investigate whether MDC and PDC frequency are correlated, we compared MDC and PDC frequencies, and CD4 cell numbers, in our subjects. We observed direct correlations between MDC and PDC frequencies in all groups separately and combined. Fig. 3A and Table II show this relation for HIV and HCV-HIV coinfected groups combined (r ϭ 0.75, p ϭ Ͻ0.001). Additionally, CD4 cell count directly correlated with MDC frequency in HIV-infected groups combined (r ϭ 0.65, p Ͻ 0.001, Fig. 3B ). There was also a weak direct correlation between CD4 cell count and PDC frequency in HIV and HCV-HIV coinfected subjects when combined (r ϭ 0.32, p ϭ 0.04, Fig. 3C ). Therefore, MDC and PDC frequencies are closely related to each other in both the presence and absence of viral infection with HCV or HIV, and each population is associated with CD4 cell number in HIV-infected subjects.
Stimulation of PBMC with poly(I:C) results in non-PDCassociated IFN-␣ and MDC-associated IL-12 production, while stimulation with CpG results in PDC-associated IFN-␣ production
We next investigated MDC and PDC function in freshly prepared nonexpanded PBMC subpopulations by stimulation with the Tolllike receptor (TLR) ligands poly(I:C) and CpG oligodeoxynucleotides. Both poly(I:C) and CpG have been previously described to stimulate DC populations via TLR3 and TLR9, respectively (15, 52, 53) . Poly(I:C) stimulates IFN-␣ secretion from non-PDC or MDC populations (48) (23, 53) , while CpG stimulates IFN-␣ secretion from PDC populations (52, 54) . To minimize in vitro artifact that purification or long-term cell culture can introduce, we used these two reagents to directly stimulate freshly prepared PBMC populations. Stimulation with control oligonucleotides lacking the CpG motif resulted in no IFN-␣ production (not shown). As shown in 
Non-PDC dysfunction predominates in HIV infection, while PDC dysfunction predominates in HCV infection
Because IFN-␣ plays a role in priming type 1 T cells, we next examined poly(I:C)-induced IFN-␣ (non-PDC associated) and CpG-induced IFN-␣ (PDC associated)-producing capacity in freshly prepared PBMC from our subjects. As shown in Fig. 5A , poly(I:C)-induced IFN-␣-producing capacity was reduced 17-fold in HIV and HCV-HIV subjects as compared with HCV-infected subjects (median 30 Ϯ 323 pg/ml, 25/75th percentile 11.5/130 pg/ml and 40 Ϯ 73 pg/ml, 25/75th percentile 14/120 pg/ml vs 510 Ϯ 314 pg/ml, 25/75th percentile 290/762 pg/ml, p ϭ 0.005 and p Ͻ 0.001), and reduced 12-fold in HCV-HIV-infected subjects when compared with healthy control subjects (median 40 Ϯ 73 pg/ml, 25/75th percentile 14/120 pg/ml vs 380 Ϯ 212 pg/ml, 25/75th percentile 195/627 pg/ml p ϭ 0.03). Poly(I:C)-induced IFN-␣ production did not significantly differ between HCV-infected subjects and healthy control or HIV slow progressor (with or without HCV coinfection) subjects (510 Ϯ 314 pg/ml, 25/75th percentile 290/762 pg/ml vs 380 Ϯ 212 pg/ml, 25/75th percentile 195/627 pg/ml and 110 Ϯ 238 pg/ml, 25/75th percentile 33/412 pg/ml, p Ͼ 0.05). In contrast, CpG-induced IFN-␣-producing capacity was reduced 20-and 40-fold in HCV and HCV-HIV-infected subjects as compared with healthy control subjects (40 Ϯ 239 pg/ml, 25/75th percentile 10/235 pg/ml and 20 Ϯ 134 pg/ml, 25/75th percentile 10/100 pg/ml vs 800 Ϯ 531 pg/ml, 25/75th percentile 35/1155 pg/ml, p ϭ 0.02 and p ϭ 0.008), while there was only a 6-fold nonsignificant reduction in activity in HIV slow progressors (with or without HCV coinfection) and HIV-infected progressor subjects as compared with healthy controls (135 Ϯ 302 pg/ml, 25/75th percentile 33/412 pg/ml and 130 Ϯ 563 pg/ml, 25/75th percentile 12/585 pg/ml vs 800 Ϯ 531 pg/ml, 25/75th percentile 35/1155 pg/ml, p Ͼ 0.05 Fig. 5B) . In contrast to the 1.8-and 1.4-fold reductions in MDC and PDC frequencies observed in Fig. 2 , over 10-fold differences in functional activity are observed in most cases here. These results indicate that non-PDC and PDC populations are selectively and differently functionally impaired in HCV and HIV infections. Because IL-12 is also known to be important in priming type 1 T cells, we measured MDC-associated IL-12 production in response to poly(I:C). CpG failed to induce IL-12 in PBMC cultures in all subjects (not shown). In contrast, poly(I:C)-induced IL-12 was readily observed in healthy control subjects, while this capacity was dramatically (over 10-fold) reduced in HCV, HIV, and HCV-HIV-infected subjects as compared with healthy controls (8 Ϯ27 pg/ml, 25/75th percentile 4.7/26.3 pg/ml, 6 Ϯ 8.3 pg/ml, 25/75th percentile 3.5/9 pg/ml, and 5 Ϯ 4 pg/ml, 25/75th percentile 2/6 pg/ml vs 83 Ϯ 38 pg/ml, 25/75th percentile 25/90 pg/ml, p ϭ 0.004, p Ͻ 0.001, p Ͻ 0.001, respectively; Fig. 5C ). IL-12 production was not significantly impaired in HIV slow progressors when compared with healthy controls (32 Ϯ 35 pg/ml, 25/75th percentile 4/69 pg/ml vs 83 Ϯ 38 pg/ml, 25/75th percentile 25/90 pg/ml p Ͼ 0.05). Therefore, poly(I:C)-induced MDC-associated IL-12 production is dramatically reduced in both HIV and HCV infections.
Poly(I:C)-induced IFN-␣ is inversely related to HCV and HIV levels, while poly(I:C)-induced IL-12 is also inversely related to HIV level in infected subjects
When we analyzed the relationships among non-PDC, MDC, and PDC activities, cell frequencies, and viral levels, a number of correlations were observed. Table II summarizes all nominally significant ( p Ͻ 0.05) correlations. A positive correlation was observed between poly(I:C)-induced non-PDC IFN-␣ and MDC IL-12 production in all HCV-infected groups combined and all HIV-infected groups combined (r ϭ 0.46 and r ϭ 0.57, p ϭ 0.03 and p ϭ 0.001), while an inverse correlation between non-PDC IFN-␣ and MDC IL-12 production was observed in healthy control and HCV singly infected subjects (r ϭ Ϫ0.68 and r ϭ Ϫ0.75, p ϭ 0.04 and p ϭ 0.04), suggesting different relationships between these functions in the presence vs the absence of different chronic viral infections. Notably, inverse correlations were observed between HIV and HCV plasma levels and poly(I:C)-induced IFN-␣-producing capacity in both HCV and HIV-infected subjects (r ϭ Ϫ0.41 and r ϭ Ϫ0.25, p ϭ 0.03 and p ϭ 0.02), while in HIVinfected subjects there was also an inverse relationship between poly(I:C)-induced IL-12 production and HIV levels (r ϭ Ϫ0.53, p ϭ 0.004). Finally, while there appears to be concordant regulation of non-PDC and PDC IFN-␣-producing functions in healthy control subjects (r ϭ 0.79, p ϭ 0.002), this regulation appears to be affected in HCV and HIV infections ( p Ͼ 0.05). Therefore, immature DC activity may play a role in control of viral level. Alternatively, viral level may determine immature DC activity. Again, there appear to be distinctly different relationships between virus and immature DC activity comparing chronic HCV and HIV infections.
IL-12 production by MDC and HIV infection predicts HCVspecific T cell response
HCV-specific IFN-␥-producing T cell responses were not observed in healthy control subjects (not shown). Consistent with our previous observation that HCV recombinant protein-specific proliferative responses are reduced in HCV-HIV subjects as compared with HCV-infected subjects (13), we found here that the proportion of subjects with an HCV Ag-specific IFN-␥-producing T cell response was reduced in HCV-HIV-infected groups as compared with HCV singly infected groups using a more complete set of HCV Ags (HCV core, NS3, NS4, and NS5 protein Ags; HCV core overlapping 15-mer peptides; and previously defined HCV CD8 determinants) (80 vs 11%, p ϭ 0.04; Fig. 6 ). Additionally, the number of protein Ags, or protein Ags and peptide Ags combined, that were recognized was reduced in HCV-HIV-infected subjects as compared with HCV singly infected subjects ( p ϭ 0.03 and p ϭ 0.005, not shown). We did not distinguish between the CD4 and CD8 compartment for response here. Moreover, a positive correlation was observed between poly(I:C)-induced PBMC IL-12 production and HCV-specific T cell frequency in HCV singly infected subjects (r ϭ 0.9, p ϭ 0.02; Table II ). Therefore, in those subjects where the most dramatic reductions in MDC and PDC function are observed (HCV-HIV-infected subjects), fewer HCV-specific T cell responses were observed, while HCV-specific IFN-␥-producing T cell frequency appears to be directly related to MDC function.
Discussion
Impairment in APC function has been proposed to play a role in the persistence of HCV infection (30 -32) and in the immune deficiencies of HIV infection (25) (26) (27) . We describe here deficiencies in function out of proportion to deficiencies in frequency of immature DC populations circulating in the periphery of HCV and FIGURE 4. Poly(I:C) and CpG-induced IFN-␣ is dependent on CD11c and CD123-expressing cell compartments, respectively. Depletion of CD11c or CD123-bearing cell populations was performed with three separate healthy control subjects, resulting in selective depletion of 75-90% of MDC and 60 -90% of PDC populations, respectively. Additionally, evaluation of the lin Ϫ DR ϩ CD11c Ϫ and CD123 Ϫ populations revealed that CD11c depletion resulted in at least 75% reduction in the lin Ϫ DR ϩ CD123 Ϫ population, while CD123 depletion resulted in at least 39% reduction in the lin Ϫ DR ϩ CD11c Ϫ population, indicating that depletion reagent did not just remove the surface molecule, but the cell population expressing the appropriate surface molecule (not shown). These same freshly prepared PBMC, CD11c-depleted PBMC, or CD123-depleted PBMC populations (600,000 cells) from these three healthy control subjects were stimulated with medium alone, poly(I:C) (50 g/ml), or CpG (25 M) 20 h at 37°C. Culture supernatants were quantitated for IFN-␣ by standard ELISA. Poly(I:C)-induced IFN-␣ ranged from 400 to 452 pg/ml and CpG-induced IFN-␣ ranged from 480 to 1500 pg/ml in nondepleted PBMC populations, while Ͻ10 pg/ml was observed in medium-containing wells (not shown). The proportion (percent) of nondepleted PBMC poly(I:C) or CpG-induced IFN-␣-induced activity is shown for CD11c and CD123-depleted populations. Depletion of CD11c-bearing cells reduced poly(I:C)-induced IFN-␣ production by 90% (activity reduction corresponding closely with MDC depletion efficiency), while depletion of CD123-bearing cells reduced CpG-induced IFN-␣ production by 60% (again activity reduction corresponding closely with PDC depletion efficiency). This experiment was performed two additional times with one of the three healthy control subjects.
HIV-infected subjects. These deficiencies distinctly differ between HCV and HIV infection, and dually infected subjects have the most severe and combined deficiency of these functions. Specifically, non-PDC IFN-␣-producing capacity was dramatically reduced in HIV-infected subject groups, with MDC frequencies only tending to be reduced. In contrast, PDC IFN-␣-producing capacity was markedly reduced in HCV-infected subject groups, while PDC frequencies were only minimally reduced. PDC IFN-␣ production also tended to be reduced in the HIV singly infected subjects, though this did not reach statistical significance. Furthermore, MDC IL-12 production was markedly reduced in both HCV and HIV-infected subjects. HCV-HIV coinfected subjects displayed the most dramatic impairment in all functions. The observed inverse relationship between HIV and HCV viral levels and non-PDC IFN-␣-producing capacity, and between MDC IL-12-producing activity and HIV levels suggests that these functional properties may play an important role in mounting or maintaining a successful immune response against chronic HCV and HIV infections. Finally, HIV-infected subjects with slow progressor phenotype did not differ from healthy controls with regard to MDC and PDC frequency or function, suggesting that dysfunction induced by both HCV and HIV infections was attenuated in these subjects. These results indicate that immature DC functions in HIV and HCV disease are dysregulated, but differentially, and implicate a mechanism by which APC function may contribute to the immune deficiencies of these two chronic viral infections.
To investigate the effect that these dysfunctional immature DC populations may have on the adaptive arm of the immune response in chronic HCV and HIV infection, we investigated HCV-specific T cell responses in these same subjects. We found a relation between MDC IL-12-producing activity and HCV-specific IFN-␥-producing T cell frequency in HCV singly infected subjects, indicating that this activity may be important for formation or maintenance of HCV-specific T cell responses. Moreover, HCVspecific IFN-␥-producing T cell frequency was reduced in HCV-HIV coinfected subjects with progressive HIV disease as compared with HCV singly infected subjects. These latter data extend upon our previous finding comparing CD4 proliferative responses in HCV vs HCV-HIV-infected individuals (14) , including here a larger number of HCV Ags, though not distinguishing between the CD4 and CD8 compartment. Although the decreased frequency of HCV-specific IFN-␥-producing cells present in HCV-HIV-infected individuals may be related to reduced CD4 cell numbers or function that occur in HIV infection, this reduced activity may also be due in part to the decreased immature DC functional activities observed in the HCV-HIV coinfected subjects as compared with HCV or HIV singly infected subjects. Therefore, it appears that MDC and PDC dysfunction in HCV and HIV infections could directly impact upon HCV-specific T cells immunity.
Previous investigations have found reduced MDC and PDC numbers in HIV infection (25) (26) (27) . Our data are in agreement with these previous reports (Table III) . PDC frequencies were found here to be similar in HCV and HIV-infected subjects, and lower than those in healthy control subjects. Likely because of high subject-to-subject variability in cell frequency, however, only the difference between HCV and healthy control subjects was observed to be significant. Additionally, reduced MDC and PDC cell frequencies were found here to be more pronounced in HCV-HIV coinfected subjects. Moreover, MDC and PDC frequencies in HIV or HCV-HIV-infected subjects with slow progressor status did not significantly differ from those in healthy control subjects, suggesting that slow progressor HIV phenotype is associated with a preservation of these cells. We further found a direct relation between MDC and PDC frequency in all groups (including healthy control subjects), suggesting that both populations are regulated in similar fashion. Our observation that CD4 cell count is related to immature DC frequency in HIV-infected subjects may reflect disease stage, or may reflect a particular dependent relationship between CD4 cell and immature DC cell homeostasis. Perhaps most importantly, the overall frequencies of MDC and PDC do not differ by Ͼ2-fold in any of the disease states we have examined. This modest quantitative difference contrasts dramatically with the more dramatic differences in immature DC activity that we observed.
HSV and influenza-induced PDC IFN-␣-secreting capacity has previously been found to be reduced in peripheral blood-derived populations of HIV-infected subjects (25) (26) (27) . Additionally, IFN-␣-producing capacity has been previously found to correlate inversely with HIV plasma levels, consistent with an importance of this function in the control of HIV (25, 27) . Our data in HIVinfected subjects are in agreement with these previous findings in that HIV-infected subjects tended to have reduced PDC-associated function. Our data extend upon these previous findings by revealing reduced non-PDC-associated function in HIV-infected subjects. We additionally find here a more pronounced reduction in PDC-associated IFN-␣-producing activity in HCV-infected subjects. Previous reports have described a reduction in IL-12-secreting capacity in both HIV and HCV-infected subjects (28, 29, 32, 55) . Our data are in agreement with these previous reports, and also indicate a relationship between IL-12-producing function and virus-specific T cell immunity in the case of HCV, and viral replication in the case of HIV. Together, these data support the notion that immature DC IFN-␣ and IL-12-producing functions play important roles in host defenses against HCV and HIV.
Because we have performed these functional assays with freshly prepared and minimally manipulated cell fractions (PBMC), these immature DC activities are less likely to be affected by in vitro artifact that may exist in more commonly studied systems where immature DC cell fractions are cultured for a period of days in the presence of cytokine before activity assay. Also, in comparison to activity studies performed with purified or enriched MDC or PDC populations, the activities measured here are more likely to reflect the complex interactions that occur in vivo. For example, in a recently published study by Lore et al. (54) , purified uncultured MDC populations were unable to produce IFN-␣ in response to poly(I:C), while in the study by Kadowaki et al. (48) cultured MDC were capable of IFN-␣ secretion in response to poly(I:C). Our data with unpurified cell populations in short-term culture (Ͻ24 h) indicate poly(I:C)-induced IFN-␣ production is dependent on non-PDC, CD11c-bearing cell populations. CD11c-bearing cell populations other than MDC include monocytes, NK cells, and granulocytes. As an independent means of localizing activity to the cell compartment, preliminary data using intracellular staining and FACS analysis confirmed that PDC cells (Lin Ϫ /HLA DR ϩ / CD123 ϩ ) produced IFN-␣ in response to CpG, and not in response to CpG control or to poly(I:C) (not shown). Therefore, our data with poly(I:C)-induced IFN-␣ activity are consistent with previous literature (23, 48) in that it is dependent on non-PDC populations. If this activity is MDC derived, it may also require the presence of cell types other than MDC.
The mechanism by which immature DC cells become dysfunctional in HCV and HIV infections is currently unclear. The presence of HCV RNA within APC has been proposed as a possible cause of impaired allostimulatory function of these cells (31) . In support of this is the observation that when DC from normal donors are transduced with the HCV gene containing adenovirus constructs, the ability to stimulate CD4 cells is impaired, resulting in incomplete activation (56) . Similarly, direct infection of DC by HIV may cause a similar impairment (57) . Such findings have led to the hypothesis that APC containing HCV are selectively impaired in T cell priming activity, while "uninfected" APC are capable of priming normal CD4 responses. Other potential causes of impaired peripheral immature DC function include a reduced formation of functional immature DC populations, an increased rate of destruction of these populations, trafficking of these populations from the periphery to the site of organ damage, or TLR desensitization in HCV and HIV infections. Evidence for the latter possibility has been shown in other systems, with operative mechanisms involving heterologous Toll receptor desensitization, enhanced expression of inhibitors of Toll-mediated signaling, and specific pathogen-encoded products that inhibit Toll-mediated signaling (58 -60) . Clearly, an improved understanding of immature DC function in the HCV and HIV-infected host should allow for important insight into both innate and adaptive immunity in humans with chronic viral infection.
In conclusion, these data implicate distinctly different immature DC functional impairments in HCV and HIV infections, and a dual and more pronounced impairment in immature DC function in HCV-HIV coinfected individuals. Interestingly, the HIV slow progressor phenotype appears to ameliorate both HCV and HIV dysfunctional immature DC phenotypes, indicating that these individuals preserve a number of cellular immune functions not only during HIV infection, but also during HCV infection. Because an association between immature DC function and adaptive immunity was observed, these immature DC dysfunctional phenotypes may play an important role in defining the reduced HCV-specific adaptive T cell response observed in HCV-HIV-infected individuals as compared with HCV singly infected individuals.
